Abstract We report a highly efficient grating coupler fabricated using a CMOS-compatible technology process with a record efficiency of -0.64 dB (86.3 %) at a wavelength of 1527 nm and a 1dB-bandwidth of 44 nm. The performance of the structure is enhanced through a backside metal mirror and the use of a nonuniform grating.
Introduction
Ten years after the pioneering work of D. Taillaert   1 , the design of grating structures to couple light efficiently between optical fibers and nanophotonic waveguides, especially in the silicon-on-insulator (SOI) platform, is still in the research focus of many groups. These structures have become a crucial element since they represent a window between photonic integrated circuits and the outside world. Moreover, they offer many advantages in comparison to other coupling techniques, such as on-wafer testing, easy fiber adjustment, compactness, and acceptable alignment tolerances.
In the meantime, the silicon (Si) photonics platform is gaining more and more interest in the telecommunications field due to the costeffectiveness, low power consumption of the fabricated devices, and the maturity of the complementary metal-oxide-semiconductor (CMOS) fabrication process. The applications can be extended from long-haul to short distance and interchip optical data transmission. Some Si photonics based products, such as high-speed optical transceivers or coherent receivers, have even been presented the last years and are commercially available 2, 3 . A "turnaround" would be expected in the next few years, when the performance of the integrated Si devices can overcome their III-V semiconductor counterparts.
State-of-the-art grating couplers
Starting from the coupling issue, several groups are working on bridging the gap between integrated Si waveguides and standard single mode optical fibers to minimize the large losses caused by the high mode mismatch. Fig. 1 illustrates some experimental results of state-ofthe-art grating structures that have been realized during the last few years to achieve high coupling efficiency in the 1550 nm telecommunication window. The considered devices rely on different techniques to enhance the directionality and the mode overlap, such as using metal mirrors, distributed Bragg reflectors (DBR), overlays, and nonuniform gratings.
It can be seen that the highest achieved efficiency using a uniform grating is around -1.6 dB with a best 1dB-bandwidth of 48 nm 11 , whereas nonuniform gratings reach a maximum value of -0.75 dB and a lower bandwidth of 29 nm 4, 5 . In this paper we present a uniform grating structure with an ameliorated efficiency of -1.07 dB and a 1dB-bandwidth of 49 nm, and a nonuniform grating coupler with a record efficiency of -0.64 dB (86.3%) and a 1dB-bandwidth of 44 nm. To the best knowledge of the authors, this is the highest value measured on a grating coupler. The structures have been fabricated in a standard CMOS technology process. 
Design and simulation results
The main two factors to achieve a high coupling efficiency are the directionality and the mode matching between the fiber profile and the diffracted field. The first factor can be improved using a mirror at an adequate distance underneath the grating to redirect the light constructively back to the waveguide 13 , whereas the second issue is settled by engineering the coupling strength. Uniform gratings deliver an exponentially decaying shape of the diffracted field, which theoretically limits the efficiency to around -0.8 dB 11 . When designing the grating appropriately, a Gaussian shape can be achieved, and hence a better overlap to the fiber mode profile is guaranteed 16 . The starting point of the design is a uniform structure with a period Λ = 600 nm and a fill factor FF = 0.5 for transversal electric (TE) polarized light at a wavelength of 1550 nm. The Si waveguide and the buried oxide (BOX) have a thickness of 250 nm and 3 µm, respectively, and the etch depth of the grating is 70 nm. Underneath the BOX a metal layer serves as a mirror to reflect back the part of light diffracted towards the substrate. The fiber off-vertical tilt angle is 9°. We have implemented an algorithm that adapts the period and fill factor to achieve the highest coupling efficiency taking into account the minimal grating size that can be technologically realized by our electron beam lithography system. We chose the minimal rib and groove sizes to be 100 nm and 60 nm, respectively. These values can be relaxed to around 120 nm when the structures are fabricated by means of UV lithography. The algorithm is implemented in MATLAB and the simulations are carried out by CAMFR. In a first step the algorithm sweeps the fill factor from 0.01 to 0.99 for each period and saves the value which delivers the highest coupling efficiency. This routine is repeated for the whole structure, until no further improvement can be achieved. In a second step each rib or groove is optimized separately starting from a variation of ±10 nm to ±1 nm, until no higher efficiency can be obtained. The final result is verified by the commercial software RSoft using a two-dimensional finite-difference-time-domain method. Fig. 2 shows the simulated transmission spectrum of the obtained structure at different angles. The coupling efficiency reaches -0.33 dB at 1550 nm and 9° with a 1dB-bandwidth of 44 nm. The simulated structure has 26 periods with the dimensions of 60 nm and 115 nm for the smallest groove and rib, respectively.
Fabrication and measurement results
The structures are fabricated on a SOI wafer using a standard CMOS technology process 17 . The gratings and waveguides are defined by electron beam lithography and realized by a two-step dry etching. A passivation layer is then deposited on top of the wafer and membrane windows are etched on the backside of the wafer underneath the gratings. Finally, an aluminum (Al) layer is deposited in these mirror windows. Fig. 3 represents a microscopic graph of the fabricated coupler with a nonuniform grating. The width of the structure is 15 µm and its length is 15.2 µm.
To measure the efficiency of the coupler, two identical structures connected by a 15 µm wide waveguide are designed. The efficiency in dB is then determined as half the difference between the output and input optical power in dBm since the waveguide losses can be neglected. The measured spectrum at different angles is shown in Fig. 4 . 
µm
The highest measured coupling efficiency reaches -0.64 dB at 1527 nm and 11° with a 1dB-bandwidth of 44 nm and a 3dB-bandwidth of around 75 nm. To our knowledge, this is the highest measured efficiency of a grating coupler reported up to now. At the designed angle of 9° the best value attains -0.76 dB at 1548 nm, very near to the target wavelength, which shows the good agreement between simulation and measurement. The 0.31 dB lower value than in the theory can be attributed to the accumulated parameter deviations, such as the refractive index or the Si and BOX layer thickness, and the critical dimensions of the small ribs and grooves.
To emphasize the improvement acquired through the nonuniform gratings, a standard structure with a periodic grating, Λ = 600 nm, FF = 0.5, a width of 15 µm, and a metal mirror underneath is fabricated on the same chip. At an angle of 11° the efficiency is measured to -1.07 dB at 1528 nm and the 1dB-bandwidth is 49 nm. This is also the highest reported coupling efficiency measured on a structure with a uniform grating up to now. Fig. 5 shows the measured transmission spectrum of the two couplers with uniform and nonuniform gratings. It can be seen that the efficiency is increased by 0.43 dB using the aperiodic structure. The 1dB-bandwidth is decreased by only 5 nm.
Conclusions
We have demonstrated a highly efficient grating coupler in the SOI platform fabricated in a CMOS-compatible technology process with a record efficiency of -0.64 dB and a 1dB-bandwidth of 44 nm. The performance of the structure is improved through a backside metal mirror, which enhances the directionality, and using an aperiodic grating that reshapes the diffracted field profile to a Gaussian form, and hence allows a better overlap with the fiber mode. In addition, we have presented a periodic grating with a high efficiency of -1.07 dB and a 1dB-bandwidth of 49 nm. These results can be considered as a milestone in the silicon photonics progress since the coupling issue can be surmounted using the presented highly efficient designs. 
